Abstract. The first Advanced Acceleration of Particles−AAC−Workshop (actually named Laser Acceleration of Particles Workshop) was held at Los Alamos in January 1982. The workshop lasted a week and divided all the acceleration techniques into four categories: near field, far field, media, and vacuum. Basic theorems of particle acceleration were postulated (later proven) and specific experiments based on the four categories were formulated. This landmark workshop led to the formation of the advanced accelerator R&D program in the HEP office of the DOE that supports advanced accelerator research to this day. Two major new user facilities at Argonne and Brookhaven and several more directed experimental efforts were built to explore the advanced particle acceleration schemes. It is not an exaggeration to say that the intellectual breadth and excitement provided by the many groups who entered this new field provided the needed vitality to then recently formed APS Division of Beams and the new online journal Physical Review Special Topics-Accelerators and Beams. On this 30th anniversary of the AAC Workshops, it is worthwhile to look back at the legacy of the first Workshop at Los Alamos and the fine groundwork it laid for the field of advanced accelerator concepts that continues to flourish to this day.
It was already recognized that the future accelerators beyond the SSC and LHC would have to be linear colliders that collided electrons and positrons. Electrons and e+ because being elementary particles their center of mass, CM energy at the collision point is exactly defined as opposed to colliding protons and anti-protons and their collisions would be a lot "cleaner" compared to colliding composite particles and linear to minimize synchrotron radiation loss which for electrons with energy E scales as δE= 8.85x10 -2 E(GeV ) 4 /ρ(m) MeV/revolution. Here ρ(m) is the radius of curvature in meters. In fact the Stanford Linear Collider, SLC, which was also under construction at the time, was indeed the first e + e -linear collider. But typical accelerating gradients of 20 MV/m meant that these microwave based accelerators were simply getting too gigantic. Was there a better way than microwave cavities to accelerate electrons and positrons?
It is against this background that the High Energy Physics Advisory Panel (HEPAP) of the U.S. Department of Energy (DOE) appointed a subpanel on Accelerator Research and Development in 1980 headed by Maury Tigner (1). Partially in response to the Tigner committee recommendations the DOE in 1982 held a workshop at Los Alamos on Laser Acceleration of Particles with Andy Sessler as the Scientific Coordinator. The goal of this Workshop was to examine fresh ideas that might lead to accelerators beyond the "Next Linear Collider." In particular there was interest in uncovering new ideas that might accelerate particles 100-1000 times more rapidly than did the then current microwave powered accelerators. Naturally the interest turned to lasers.
As this community knows well, the electric fields of today's laser beams when focused are in excess of 10 TeV/m. Is there some way to harness these enormous fields to miniaturize particle accelerators much in the same way as integrated circuits miniaturized electronics based on vacuum tubes? The most basic rule of particle acceleration is that the particles to be accelerated must have a component of velocity in the direction of the accelerating field. Since the oscillating electric field of a laser pulse is transverse to k, and propagates at c, it cannot be directly used for acceleration. An electron being overtaken by the laser field simply oscillates in the field and, in addition, is displaced in the forward direction but gains no net energy because it comes to rest at the end of each field cycle as seen in Figure 2 .
There were a lot of theory papers in the literature at the time that purported to accelerate electrons using lasers. To help sort them out two accelerator theorems were postulated at Los Alamos. The first theorem which later came to be known as Lawson/Woodward theorem states that "no combination of far fields, in an otherwise field free vacuum, can produce first order net acceleration". There are two corollaries to this theorem. The first states that acceleration can therefore only come from near fields. And the second corollary states that acceleration in the far field is possible either due to ∇ 〈E 2 〉. The second acceleration theorem states that an acceleration mechanism is necessarily the inverse of the corresponding radiation mechanism. The proof to these theorems can be found in Ref. (2) .
Although seemingly simple the Lawson Woodward theorem was not demonstrated in an experiment until 2004 mainly because it is difficult to prove a negative statement. In an elegant demonstration of the Lawson Woodward theorem, Tomas Plettner and colleagues at Stanford propagated a 30 MeV electron beam at a small angle w.r.t. a 4ps long Ti sapphire laser pulse. In the overlap region the electrons oscillate in the E z component of the laser field and gain and lose energy as they traverse through the laser cycles. If however the interaction is terminated at the peak of the laser pulse by placing a thin metallic foil that reflects the laser pulse the electrons retain the energy they have gained from the E z component (3) . This in itself is akin to the inverse optical transition radiation effect (4). However when the metallic foil was removed there was no change in the energy of the electrons as they crossed the laser focus in accordance with the Lawson Woodward theorem. We will return to the second acceleration theorem later but for now let's think about the first corollary to the Lawson-Woodward theorem. If a plane wave or a combination of plane waves can not accelerate charged particles in vacuum then we might think about using near fields such as the evanescent field component excited close to a surface due to the passage of a charged particle beam as in the Smith-Purcell (SP) effect (5). However, it can be shown that the ratio of the first order average accelerating gradient E z at a distance x 0 from the surface to the maximum field E x is always less than λ/x o (6). Furthermore, since the accelerating beam must move parallel and close to the surface there will be an electromagnetic interaction with the material that will lead to emittance growth of the particles in the bunch. An example of a near field acceleration scheme is the grating accelerator (7) based on the inverse SP effect shown in Figure 4 . Here the laser light is incident on the grating at the appropriate angle to produce an evanescent field whose phase velocity can be matched to the accelerating particle velocity for synchronous acceleration. This scheme unfortunately turned out not to be very practical because the much larger transverse field component E x would cause the surface of the grating to break down. Nonetheless there has been a resurgence of interest in the grating scheme using lithographically etched double grating structures, (8) powered by femtosecond laser pulses, because the dielectric breakdown threshold when such short pulses are used is typically a few J/cm 2. This may allow acceleration gradients of a few 100 MV/m or so within a few wavelengths of the surface. Furthermore, the SP scheme is being used as a pulse length diagnostic of ultra-short electron bunches by monitoring the spectrum of the coherent SP radiation at wavelengths longer than the bunch length emitted by the bunch as it traverses close to the grating surface (9) .
If the transverse electric field of the laser cannot accelerate particles that are propagating in the direction of the laser beam directly, then another option is to bend the particles so that they have a component of velocity in the direction of the laser field. In terms of basic equation of particle acceleration, dγ/dz = ev.E/(mc 3 ), v⊥E⊥ is now non-zero and there can be an energy exchange from the laser pulse to the electrons. An example of this idea is the IFEL, proposed by Claudio Pellegrini (10) . Here the electrons are co-propagated through a magnetic undulator with a laser beam. The beating of the laser and the undulator produces a classic accelerating bucket whose phase velocity, v ϕ /c= ω/c (k w +k l ) can be made to be synchronous with the normalized particle velocity β = v z /c. Here k w and k l are the wavenumbers of the wiggler and the laser respectively. The energy gain or loss per unit distance by the particles depends on phase ϕ of the electrons in the FEL equation given by
Here a l and a w are the normalized vector potential of the laser and the wiggler respectively, γ is the Lorentz factor of the beam and λ l is the laser wavelength. If the intensity of the laser pulse is larger than the saturated intensity of the amplified signal when operated as an FEL, the electrons are automatically bunched at a phase ϕ as to extract energy from the laser pulse and be accelerated. This is why this scheme is known as the IFEL accelerator. The IFEL is an example of a far field accelerator since the electrons are propagated far from any surfaces.
Yet another way to accelerate particles using far fields is to propagate the electromagnetic wave in a medium to slow it down and transform some fraction of it's transverse field component into a longitudinal field. The medium can be a gas as in the inverse Cherenkov (IC) effect or it can be plasma where the em wave can excite an electrostatic (es) wave. In the IC accelerator the laser pulse is propagated at a critical angle θ c with respect to the electron beam that is to be accelerated to get a significant E z component. The phase velocity of the E z field is now v ph = c/n(P) cos θ c . Here n(P) is the pressure dependent index of refraction of the gas. If v ph /c = β, one obtains β cos θ c = 1/n. This is the resonance condition for IC acceleration (11) . IC acceleration was demonstrated in an experiment done at the Accelerator Test facility (ATF) (12) at Brookhaven National Laboratory (BNL) however −as in the case of inverse SP effect− the IC scheme is also limited by the laser breakdown considerations, in this case that of the medium. On a more positive note however, an ultra-short electron bunch passing through a small dielectric tube can generate coherent Cherenkov radiation in its wake (13) which can be used to accelerate a trailing bunch of particles. This scheme is called the dielectric accelerator and gradients approaching 1 GV/m appear feasible (14) .
Since laser breakdown limits many of the novel acceleration ideas why not use an already ionized medium-plasma-to support large electric fields? The reason why plasma can support very high electric field is very simple. In a space charge density wave the plasma electrons are separated from the plasma ions. This perturbed electron density gives a source term in Maxwell's ∇.D equation which, for the case of a sinusoidal relativistic wave (propagating at c), gives E z (V/cm)~ ε√n e (cm -3 ). Here ε is the fractional density modulation of plasma with an initial unperturbed density n e . Actually there are similarities between finite diameter, relativistic spacecharge density waves in plasma and TM modes in a metallic tube. Both have a longitudinal field E z , a focusing field E r and an azimuthal magnetic field Hφ.
In a metallic waveguide the phase velocity of TM modes is always greater than c so the waveguide must be loaded with irises to couple the dispersion relation to it's spatial harmonics thereby allowing the propagation of the modified TM mode at exactly c. In a plasma the space charge waves, also known as plasma waves or Langmuir waves, can propagate at all velocities from infinity to √3 v th so it's possible to excite a wave with v ph~c (See Fig. 5 ). In two remarkable papers (15, 16 ) the late John Dawson and his colleagues from UCLA proposed exciting such waves (also called wakes since they followed the impulse like disturbance that excited them) using short laser (laser wake field accelerator-LWFA) or particle beam (plasma wakefield accelerator-PWFA) pulses. The LWFA mechanism is an example of the second corollary to the Lawson-Woodward theorem since the radiation pressure force that pushes the plasma electrons that then leads to the wake formation is proportional to ∇ 〈Ethat one can sustain such gradients over meter scale plasmas leading to electron energies to interest the particle physicists (18) . Now I will return to the second acceleration theorem. The grating accelerator, IFEL scheme, IC and plasma acceleration clearly have a corresponding radiation mechanism. Table 1 below shows other radiation mechanisms one might consider and challenge to our community is to come up with a practical advanced acceleration scheme. An interesting possibility is the particle acceleration by stimulated emission of radiation (PASER), which is of course the inverse of the LASER (19) . The attraction lies in the fact that an inverted medium can store a great deal of energy and if this energy can be extracted by using an ultra-relativistic beam, an entirely new paradigm for particle acceleration will open up. As a passing note I should recall that at the 1982 Los Alamos workshop the attendees were made aware that, in the process that later came to be known as above threshold ionization an electron can get net energy. Although this fact is not very useful for making high energy particle accelerators, years later it led to the field of attosecond science via high harmonic generation (radiation mechanism) when the liberated electron recombines with the parent ion in the next half cycle of the oscillating field (20) . 
